Abstract-Analogue control of monolithic DC/DC converters is technologically coming to a limit due to high switching frequency and a request for large regulation bandwidth. Digital control is now experimented for low-power low-voltage switch-mode power supply. Digital implementation of analogue solutions does not prove real performances. This paper compares a classical digital controller to a candidate alternative strategy. Sensitivity functions are used to compare controller performances. An off-line approach using fuzzy logic to quantify controller performances and a genetic algorithm to obtain an optimal controller is presented. A so-called RST algorithm optimized with this approach shows better performances.
I. INTRODUCTION
For many years now, there is a trend to embed power management unit inside portable devices like cellphone, personal digital assistant or MP3-player. Most portable devices use a battery of voltage between 5.5V when in charge, 3.3V during discharge lifetime and down to 2.7V when empty. Devices embed various functions supplied from various voltages. Processors require 1.8V down to 1.2V while backlight led system require 20V at least. Non isolated DC/DC converters are considered in place of low-drop out regulators for the sake of efficiency. This paper will now address only stepdown conversion and associated buck architecture or stepdown switch-mode power supply (SMPS).
An example of full-analogue synchronous buck converter is pictured in Fig. 1 . Except the passive L-C output filter, all blocks are integrated monolithically using CMOS standard technology [1] , [2] . A 2-pole/2-zero compensator is implemented to achieve a maximal regulation bandwidth, maximal transient performance and maximal accuracy.
A 100MHz SMPS, 80% peak efficiency, 20MHz regulation bandwidth is presented in [3] . The design is compatible with standard CMOS process. Whatever the analogue control presents some limitations. First of all, the design of the compensator is not automated and the design engineer needs to take care of a trade-off between performances, accuracy and stability [4] . When R-C constant have been set, manufacturing introduces deviation with respect to design values and calibrations are required. The robustness is not sufficient, so a lot of Digital control is not new in the field of Power Electronics. It is often associated with DSP or other processorlike implementation [5] - [8] . Generally the digital control system presents sufficient resources to accommodate the modest switching frequency of the converter, in the kHz range. In embedded applications, switching frequencies in the MHz and plus range are necessary in order to reduce the size of passive components [9] .
Due to the cost/complexity constrains existing in smallpower dc-dc converters with integrated digital controller, most published papers consider a discrete-time scheme equivalent to the analogue compensator (such as PID controller) [10] , [1 1] .
In order to satisfy the constrains on the load variation to achieve high transient performance and accuracy, an autotuning process should be introduced. Some publications about auto-tuning of digital PID controller for DC/DC converters can be found in [12] - [14] . However, most of the solutions are on-line tuning, so they require an increase of the silicon area of the IC controller. The practical use in very high frequency In this paper, an off-line tuning RST controller is presented. With similar complexity as a classical PID controller, a socalled RST controller presents more degrees of freedom for improving nominal and robust performances and rejection of disturbances [15] . Based on pole placement combined with the shaping of sensitivity functions, the paper investigates an off-line automated approach by using fuzzy logic and genetic algorithm to correctly specify the desired performances by adjusting the sensitivity functions in the frequency domain where it is necessary. As the automated parameter determination is performed off-line, there is no need supplementary silicon area for the auto-tuning scheme.
The paper is organized as follows: Section II reviews sensitivity functions and the application of the sensitivity function analysis on a buck converter. Section III introduces a digital PID controller for comparison purpose. The robust RST digital controller and the off-line automated tuning approach are described in Section IV. Simulation results are detailed in Section V.
II. SENSITIVITY FUNCTIONS
In order to quantify system dynamics, robustness and noise rejection properties of tested controllers, sensitivity functions are introduced. Fig. 2 In addition, from the maximum value of Syy, the modulus margin can be determined. Indeed, it can be shown that the maximum value of Syy is proportional to the inverse of the modulus margin [16] . The modulus margin AM is defined as the minimum distance of LYY with respect to the critical locus (-1) in the Nyquist plan. The modulus margin and delay margin quantify the robustness of the modeling uncertainties.
The delay margin AT is deduced from the phase margin Ai\ by AT = , where wo is the pulsation of phase margin determination.
In order to ensure robustness, the modulus margin AM is kept higher than 0.5 and the delay margin must be higher than the sampling period (to ensure that the delay induced by controller computing time does not lead to unstable operation).
III. PID CONTROL The PID controller is presented for comparison purpose (4) 
IV. ROBUST RST CONTROL
RST control realizes a relevant approach for linear Single Input Single Output (SISO) systems [15] . A RST controller is considered here in order to obtain a better output disturbance rejection while keeping a good PWM noise rejection and a good robustness. The structure of a RST control is presented in Fig. 6 .
If the discrete time SMPS model is described by the transfer function P(z) = A(Z) where B(z) and A(z) are polynomials, [15] . It can induce a increase in the maximum value of Syy As the maximum value of Syy is inversely proportional to AM, a larger output noise rejection leads to a worse robustness.
How to determine a controller which offers a trade-off between the robustness and a good rejection of disturbances? This can be described as an optimization problem by defining a cost function which qualifies the controller robustness and noise rejection properties.
Fuzzy logic is suitable to qualify the robustness of a controller and noise rejection properties [18] . Indeed the frontier between a good controller and a bad controller is not strict. For example, if one considers the modulus margin is correct if it is higher than 0.5, it is clear that a controller will not be qualified with a bad robustness getting to good by crossing this value. With membership functions of fuzzy logic, the controller quality can be evaluated continually from bad to good across medium.
An example of membership functions qualifying the gain at (G,1) and the modulus margin (AM) is shown in Fig. 7 and Fig. 8 . G,1 is normalized over {-10 O} and AM uses its natural scale. The output membership function is given Fig. 9 . Output membership functions Fig. 9 . The stability robustness can be expressed by fuzzy rules defined in Tab. I. After "disfuzzyfication", the robustness analysis is quantified by the function V1 = f(G,,,AM) which corresponds to a surface as presented in Fig. 10 . It can be seen that for AM > 0.5, the lower the values of G,1 the better the output function V1.
In the same way, other membership functions and fuzzy rules in relation with delay margin and other sensitivity functions can be defined to quantify constraints of robustness and satisfy the requirements of disturbance rejection performances. A weighted sum of all fuzzy functions defines the quality function to maximize.
The optimization problem is addressed by a genetic algo- on ni bits between a minimum value mini and a maximum one maxi. An initial population of strings (individual) is arbitrarily created. Genetic algorithm makes it change by using three main operations: reproduction, crossover and mutation in order to maximise an objective function (fitness value) [19] . The performed computation time can be important but it is offline, so that is not a limitation for real-time implementation.
The offline approach used to determine controller parameters is summarized in Fig. 11 . This optimization problem is solved in the Matlab/Similink environment.
For SMPS application, the denominator of the sensitivity function Syy is chosen as follows to determine a RST controller which presents a good robustness and a good attenuation of the influence of the output disturbance at = 1lkHz.
where co is between 0.1 to 0. 16 , crossover probability = 0.9 and mutation probability =0.02.
The individuals which have been tested by the genetic algorithm are plotted in Fig. 12 . The corresponding optimal polynomial R(z), S(z) and T(z) are calculated by solving the Bezout equation [15] . Since, the obtained controller is described by (14) , the hardware implementation is quite simple: it just need a few memories, multipliers and adders. The corresponding sensitivity functions and Nyquist plot of Lyy are respectively given in Fig. 13 (Fig. 15) . The buck SMPS is modeled by a hybrid model [4] . The 
